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Idaho Incubation Fund Program  
Final Report Form 

 
Proposal No. IF13-003 

Name: An Chen and Richard Nielsen 

Name of Institution: University of Idaho 

Project Title: Development of an Energy Efficient Integrated FRP-confined  

 Precast Concrete Sandwich Roof Panel for Green Buildings 

 
Information to be reported in your final report is as follows:   
 

1. Provide a summary of overall project accomplishments to include 
goals/milestones met, any barriers encountered, and how the barriers were 
overcome: 

 
1.1 Project goals/milestones:  

¶ Finite Element (FE) models to simulate insulated precast concrete 
sandwich panels.  

¶ Bending tests on scaled specimens.   

¶ Bending tests on full-scale specimens. 

¶ Creep tests on scaled specimens. 

¶ Business plan development. 
 

1.2 Accomplishments: 
 
1.2.1 Finite Element (FE) models to simulate insulated precast concrete 
sandwich panels: 
 
Linear and nonlinear finite element analysis (FEA) models were created using 
ABAQUS© which is a commercially available numerical solver.  The models 
were created in ABAQUS using CAE interface and then solved in ABAQUS 
with its own solver.  The linear and nonlinear properties of the materials were 
incorporated into the FE models and the DAMAGED PLASTICITY function for 
nonlinear engineering material property of the concrete was utilized.  By using 
this feature in ABAQUS the numerical model can account for the loss of 
stiffness of the elements in compression and tension when the limit of cracking 
and crushing strains are exceeded. 
 

Table 1: Material properties for insulation 

ASTM C578 Expanded Polystyrene Extruded Polystyrene 

Mass Density (r) 1.871 x 10-6 (lbf s2)/in4 2.994 x 10-6 (lbf s2)/in4 

Youngôs Modulus (E) 1,349 psi 1,349 psi 

Shear Modulus (G) 400 psi 400 psi 

Tensile Strength (Fu) 20 psi 50 psi 

Poissonôs Ratio (n) 0.3 0.3 
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Table 2: Material properties for concrete 

 5000 psi Concrete 3750 psi Concrete 

Volume Density (g) 150 lbf/ft3 150 lbf/ft3 

Mass Density (r) 2.246 x 10-4 (lbf s2)/in4 2.246 x 10-4 (lbf s2)/in4 

Youngôs Modulus (E) 4.031 x 106 psi 2.558 x 106 psi 

Poissonôs Ratio (n) 0.15 0.15 

Modulus of Rupture (fr) 530 psi 459 psi 
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Figure 1: Stress strain properties of uniaxial compression test 

Material properties for insulation and concrete are shown in Tables 1 and 2, 
respectively. A 6ò diameter by 12ò tall concrete cylinder sample was obtained during the 
initial pour of the scaled test panels in November, 2012 and tested at the 28 day time 
interval at Washington State University testing labs for the Phase I testing.   The 
cylinders were tested in accordance with ASTM C39 for compressive strength and the 
static modulus of elasticity and Poissonôs ratio of the concrete in compression was 
obtained in accordance with ASTM C469/C469M-10 (2010).  Further test cylinders were 
fabricated and tested in the University of Idaho structures lab in the summer of 2013 for 
the Phase II testing.  Figure 1 shows the stress strain data for the Phase I cylinders and 
Figure 2 shows the actual test data of the specimens. 
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Date 12/13/2012

Loading force (lbs.) 1st Reading2nd Reading Strain Stress

0 0 0 0 0

5000 0.0005 0.001 8.33333E-05 176.8388

10000 0.002 0.002 0.000166667 353.6777

15000 0.003 0.003 0.00025 530.5165

20000 0.0035 0.004 0.000333333 707.3553

25000 0.005 0.005 0.000416667 884.1941

30000 0.006 0.006 0.0005 1061.033

35000 0.0075 0.007 0.000583333 1237.872

40000 0.0085 0.0085 0.000708333 1414.711

45000 0.0095 0.000791667 1591.549

50000 0.0105 0.000875 1768.388

55000 0.012 0.001 1945.227

60000 0.013 0.001083333 2122.066

65000 0.0145 0.001208333 2298.905

70000 0.016 0.001333333 2475.744

75000 0.0175 0.001458333 2652.582

80000 0.019 0.001583333 2829.421

85000 0.021 0.00175 3006.26

90000 0.023 0.001916667 3183.099

95000 0.025 0.002083333 3359.938

100000 0.028 0.002333333 3536.777

105000 0.0325 0.002708333 3713.615

ASTM C469 Std Test Method for Static Modulus of Elasticity and Poisson's Ratio of Concrete

Ultimate load 106182 106182

40% Ultimate load 42472.8 42472.8

nearest 40% load S2 40000 40000

40% Ultimate load strain E2 0.00053125 0.00053125

5*10-5 strain load S1 5000 5000

5*10-5 strain E1 (Reading/2/12)* 2.0833E-054.16667E-05

Young's modulus(psi) 2425218.182528418.954

Young's Modulus (final) Ec = psi

Compressive Strength: f'c = psi

2476818.567

Sample type (6"x 12" cylinder)

3755.42  
Figure 2: Concrete compressive test data 

 

In Phase 1 testing the tensile properties of the concrete material was created using an 
approximate 7% ratio of the compressive stress-strain data. Figure 3 shows the stress-
strain curve of the tensile properties for the concrete material. 
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Figure 3: Corresponding estimate uniaxial tensile properties of concrete 

In order to properly represent the structure in the FE model, the material properties of 
the structural elements should be attained prior to every discrete analysis.  This will 
become unrealistic and difficult to accomplish, therefore without test data the estimated 
concrete material properties can be accurately derived by the following formulas derived 
by Mander et al. (1988). 

The analytical model of the concrete in compression can be best described by: 

 
'

'

1 xr

xrf
f cc

c
+-

=  (1-1) 

where fôcc = compressive strength of confined concrete. 

 
cc

cx
e

e
=  (1-2) 

 where ec = longitudinal compressive concrete strain 

 
ù
ù
ú

ø

é
é
ê

è

ö
ö
÷

õ
æ
æ
ç

å
-+= 151

'

'

co

cc
cocc

f

f
ee  (1-3) 

 generally eco = 0.002 can be assumed, and 

 
secEE

E
r

c

c

-
=  (1-4) 

where 

 psifE coc

'000,57=  (1-5) 

 Which is the tangent modulus of elasticity of the concrete, and 

  
cc

ccf
E

e

'

sec=  (1-6) 



 Page 5 

Without actual test data for the compressive and tensile properties of the concrete 
material the stress-strain curve can be created using the aforementioned equations and 
Figure 4 shows the comparison between the actual test data for the stress-strain curve 
and the theoretical. The curves match fairly well and can be used in the FE model.  
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Figure 4: Theoretical vs. test data for concrete stress-strain curve 

 
Using the model developed by Menegotto and Pinto (1973) the stress-strain properties 
of the reinforcing steel can be described by the following equation: 
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Figure 5: True stress-strain properties of ASTM A615 Gr. 60 steel 

 
ABAQUS offers two modeling techniques for nonlinear concrete FE analysis.  The first 
model is called concrete smeared cracking model and the second available plastic 
analysis model is concrete damaged plasticity model.  The concrete smeared cracking 
model has been developed by Crisfield (1986), Hillerborg & Petersson (1976) and 
Kupfer & Gerstle (1973).  The model works best for monotonic loading for concrete 
beams where the compressive strength of the concrete material along with the 
corresponding plastic strain is incorporated into the analysis model material properties.  
This particular model would seem to be the best choice for the type of analysis 
performed on the test panels. However, there were some difficulties in getting the 
analytical data and the test data to match well. Instead, the concrete damaged plasticity 
model was used for the FE modeling as it incorporated both the compressive and 
tensile properties of the concrete material and corresponding stiffness degradation 
values or damaged parameters could be used.  The concrete damaged plasticity model 
is best used for concrete specimens that would experience cyclic loading as the 
material properties allow for stiffness recovery as cracks close and open for both tensile 
and compressive values. 
 
The concrete damaged plasticity model was developed by ABAQUS based on research 
by Lubliner et al. (1989) and Lee & Fenves (1998).  Although the test panels in this 
research work are not cyclically loaded, the capturing of stiffness degradation and 
damage to the concrete as the concrete either cracks in tension or crushes in 
compression is well defined and useful in the comparison of the FEA vs. Test data.  As 
the concrete specimen is unloaded, the unloading response is said to be weakened 
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when observing any one point on the stress-strain curve.  The degradation of this 
stiffness in tension and compression is characterized by Figure 6 and Figure 7 
respectively. 

 
Figure 6: Response of concrete to uniaxial loading in tension (ABAQUS 2013) 

 

 
Figure 7: Response of concrete to uniaxial loading in compression (ABAQUS 2013) 

Cracks tend to propagate in the direction normal to the direction of stress.  Cracks 
normally initiate in the direction of maximum shear stress then propagate in the direction 
of maximum principal stress.  In the following equations the E0ijkl is the initial or 
undamaged elastic stiffness of the material.  The stress-strain relationship is then 
defined by ABAQUS per the following equations 

 ( ) ( )ptijtijijklttij Ed ees ~1 0 --=      (1-9) 

 ( ) ( )p

cijcijijklccij Ed ees ~1 0 --=      (1-10) 
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Then concrete nucleates a crack and the crack then propagates the load carrying 
capacity of the concrete is reduced due to the reduction in load carrying capacity of the 
area.  The crack reduces the area capable of providing strength and this strength 
reduction needs to be accounted for in the numerical model.  The modulus of elasticity 
of the material, which is the essence of the numerical stiffness model, is also reduced 
as follows 

 ( ) ijklijkl EdE 01-=      (1-11) 

where the undamaged or initial modulus of elasticity of the concrete is defined as E0ijkl.  
Since concrete can have degradation at any one time due to both tension and 
compression the damage parameter is determine as follows 

 ( )( )( )cctt dsdsd --=- 111  1,0 ¢¢ ct ss    (1-12) 

 
Using this information the ABAQUS model can be created and the material properties of 
the constitutive components can be assembled as accurately as possible.  
 
Several test panels were created for both testing and analysis. The two panels that will 
be discussed briefly here have significant importance to the overall research and 
development. The first panel is the solid concrete test panel and FEA model. This panel 
is shown in Figure 8 and has only concrete and reinforcing steel parts. 
 
 

 
Figure 8: 10ò solid concrete panel construction 

By using the material properties and the damaged plasticity model in ABAQUS the FEA 
model and the test results matched quite well and with ease in both linear elastic and 
nonlinear portions of the loading curve.  Figure 9 shows the comparison between the 
two test panels and the two FEA models.  The only difference in the FEA models was 
the size of the element, which went from 2 inch hexahedral elements to 1 inch 
hexahedral elements. 
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Figure 9: 10ò solid concrete panel FEA vs. Test results 

Once a working numerical modeling technique for the solid concrete panel had been 
established, the sandwich panel FEA model was then developed.  Based on the 
construction geometry of the 10-inch panel with segmental FRP connectors as shown in 
Figure 10 a FEA model was then created.  Once again the material properties of the 
constitutive materials and linear hexahedral linear elements with an element size of 
about 1 inch were used. 

 
Figure 10: 10òSegmental FRP panel with top and side FRP plates 

 
After reviewing the FEA results for the 10-inch segmental FRP panel with and without 
the FRP top and side plates and then comparing those results to the solid concrete 
panels, there are positive indications that the sandwich panel with FRP plates can 
provide the level of strength and serviceability desired.  Figure 11 shows the test and 
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FEA results for the solid concrete panel, the 10-inch sandwich panel with FRP top and 
side plates and the 10-inch sandwich panel with no side plates.  Once again the FEA 
and test results match well and the 10-inch sandwich panel with FFP plates can provide 
comparable strength to that of the solid concrete panel, while providing the insulation 
properties and less weight. 
 

 
Figure 11: Overall FEA vs. Testing comparison with various panels 

The FEA model can show the tension and compression damage or stiffness 
degradation in the panel at incremental load steps.  The tension damage just prior to 
failure, or when the tension zone crosses into the compression zone, is shown in Figure 
12.  The tension damage at total failure is then shown in Figure 12, where the severe 
nonlinearity of the numerical model is obvious. 
 

 
Figure 12: Tension damage in solid concrete panel at near failure 
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Figure 13: Tension damage in solid concrete panel at total failure 

Guided by the FE results, a comprehensive experimental investigation was 
carried out, including bending tests on scaled specimens with different shear 
connectors and with or without external FRP plates, bending tests on full-scale 
specimen, and creep tests on scaled specimens, as described next. 

 
   1.2.2   Bending tests of scaled specimens: 

 
Bending tests on sixteen scaled specimens were conducted to determine the 
optimum shear connector in Phase 1 and study the effect of external FRP 
plates in Phase 2.  
 
PHASE 1: Scaled Specimens with different types of shear connectors: 
 
Eight slabs were fabricated and tested included two solid panels and six 
sandwich panels. The specimens were 10 inch deep, 2 ft wide, and 9 ft long. 
The sandwich panels consisted of three layers from top to bottom: top 
concrete wythe, foam core, and bottom concrete wythe, as shown in Figure 
14. Three types of shear connectors were studied, including discrete shear 
connectors, continuous shear connectors and segmental shear connectors 
(see Figure 15, Figure 16, Figure 17, respectively). Table 3 lists details for 
each specimen. 

 

 
 

 
 

Figure 14: Sandwich Panel 

3ò 

4ò 

3ò 
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Table 3: Phase 1 - Specimen Details 

Group #
Compression 

Steel (#4 bars)

Tension Steel 

(#5 bars)

Top Temp. 

Steel (#4 bars)

Bottom Temp. 

Steel (#4 bars)

Load 

Condition

Shear 

Connectors

1 (2) @ 18" O.C. (2) @ 12" O.C. (6) @ 18" O.C. (6) @ 18" O.C. 3-pt Bending N/A

2 (2) @ 18" O.C. (2) @ 12" O.C. (6) @ 18" O.C. (6) @ 18" O.C. 3-pt Bending N/A

3 (2) @ 18" O.C. (2) @ 12" O.C. (6) @ 18" O.C. (6) @ 18" O.C. 4-pt Bending Discrete 6"

4 (2) @ 18" O.C. (2) @ 12" O.C. (6) @ 18" O.C. (6) @ 18" O.C. 4-pt Bending Discrete 6"

5 (2) @ 18" O.C. (2) @ 12" O.C. (6) @ 18" O.C. (6) @ 18" O.C. 3-pt Bending Segmental

6 (2) @ 18" O.C. (2) @ 12" O.C. (6) @ 18" O.C. (6) @ 18" O.C. 3-pt Bending Segmental

7 (2) @ 18" O.C. (2) @ 12" O.C. (6) @ 18" O.C. (6) @ 18" O.C. 3-pt Bending Continuous

8 (2) @ 18" O.C. (2) @ 12" O.C. (6) @ 18" O.C. (6) @ 18" O.C. 3-pt Bending Continuous  
 
 

 
Figure 15: Discrete Shear Connector Layout 

 

 
Figure 16: Segmental Shear Connector Layout 
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Figure 17: Continuous Shear Connector Layout 

 
Three-point bending tests were conducted, with a schematic plan of the test 
setup shown in Figure 18. Strain gages were bonded along the depth of the 
specimen to study composite behavior. Load-displacement relation was 
recorded to study stiffness. All specimens were tested until failure to study 
strength and failure modes. The specimens either failed due to bending failure 
or shear failure initiated from the support, as shown in Figure 19. A 
comparison between shear connectors can be seen in Figure 20. Table 4 
provides a summary of the ultimate loads, deflections, and moments sustained 
by each specimen. Table 5 highlights the level of composite action achieved 
by each type of shear connector. 
 

 
 
 

          
 
 

Figure 19: Failure Modes 
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Figure 18: Schematic Test Setup 
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Figure 20: Load-Displacement Comparison 

Table 4: Ultimate Load Summary 

Group 
Cracking 

Load 
(kip) 

Cracking 
Moment 
(kip*ft) 

Failure 
Load 
(kip) 

Failure 
Moment 
(kip*ft) 

Max Load 
Deflection 

(in) 

1 4 9.00 18.360 41.310 2.199 

2 3 6.75 20.500 46.125 2.140 

3 3 4.00 13.000 17.333 1.451 

4 3 4.00 13.900 18.533 0.623 

5 4 8.00 15.570 31.140 1.186 

6 3 6.75 16.875 37.969 1.466 

7 3 6.75 17.000 38.250 1.710 

8 3 6.75 16.844 37.898 1.346 

 
 

Table 5: Degree of Composite Action (DCA) 

Specimen Type Maximum Load (lbs) Deflection (in) DCA 

Solid Slab 20600 2.14 100% 

Discrete 
Connectors 

13700 1.45 77% 

Segmental 
Connectors 

16900 1.47 93% 

Continuous 
Connectors 

17000 1.71 96% 

 
 
It can be seen that the continuous shear connectors produced the highest 
DCA, however, the segmental shear connectors perform at a comparable level 
with a 26% reduction in material. Therefore, segmental shear connectors were 
selected for Phase 2.  
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PHASE 2: Bending tests of scaled specimens with external FRP plates 
 
The next phase revolved around bending tests on eight specimens: four with 
top plates at 10ò thick, two with top and side plates at 10ò thick and two with 
top and side plates at 8ò thick (description, sketch and photograph provided in 
Table 6, and Figure 21 & Figure 22, respectively). The specimens were 9 ft 
long and 2 ft wide, as described in Phase 1. The bottom concrete wythe was 
3- inch thick. Two thicknesses of 1 inch and 3-inch were considered for top 
concrete wythe to be potentially used for regular roof and green roof. The two 
concrete wythes were separated by a 4-inch thick foam core.  
 

Table 6: Phase 2 - Specimen Details 

Group
Compression 

Steel (#4 bars)

Top Concrete 

Wythe

Tension Steel 

(#5 bars)

Top Temp. 

Steel (#4 bars)

Bottom Temp. 

Steel (#4 bars)

Top FRP 

Plate

Side FRP 

Plates

1 N/A 3" (2) @ 12" O.C. N/A (6) @ 18" O.C. Yes No

2 N/A 3" (2) @ 12" O.C. N/A (6) @ 18" O.C. Yes No

3 N/A 3" (2) @ 12" O.C. N/A (6) @ 18" O.C. Yes No

4 N/A 3" (2) @ 12" O.C. N/A (6) @ 18" O.C. Yes No

5 N/A 3" (2) @ 12" O.C. N/A (6) @ 18" O.C. Yes Yes

6 N/A 3" (2) @ 12" O.C. N/A (6) @ 18" O.C. Yes Yes

7 N/A 1" (2) @ 12" O.C. N/A (6) @ 18" O.C. Yes Yes

8 N/A 1" (2) @ 12" O.C. N/A (6) @ 18" O.C. Yes Yes  
 
 

 
 

Top Concrete Wythe

Bottom Concrete Wythe

Foam Core

FRP Plate
Varies (See Table 6) 

пέ 

оέ 

Figure 21: FPCS Panel Specimen 
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Figure 22: Phase 2 Testing Setup 

 
Three-point bending tests were conducted, as described for Phase 1, with 
Figure 23 displaying a photo of the test in progress. Strain gages were bonded 
along the depth of the specimen, as well as on the shear connectors, to study 
composite behavior. Load-displacement relation was recorded to study 
stiffness. All specimens were tested until failure to study strength and failure 
modes. The specimens failed due to bending failure, as shown in Figure 24.  
 
 
 

 
Figure 23: Test in Progress 

 


